Isolated preparations of rabbit interventricular septum were perfused through the coronary arteries with oxygenated Tyrode's solution and placed in a tissue bath where they were superfused as well. Transmembrane potentials were simultaneously recorded from the subendocardium with two flexibly mounted microelectrodes, one from a superficial cell, and the other from a deep cell. Ischemia was produced by stopping coronary flow while superfusion with oxygenated Tyrode's solution was maintained. After a 7 to 12 min ischemic period, the preparation was fixed by coronary perfusion with fixative while the microelectrodes remained in place. After fixation, the microelectrodes were withdrawn. Appropriate tissue blocks were cut in 4 ,gm serial sections and the microelectrode track was followed until the tip position was identified. Transmembrane potentials during ischemia were divided into two categories: (1) "border zone" potentials (resting membrane potential [RMP] 73 + 3 mV', action potential amplitude [APA] 81 + 13 mV, action potential duration [APD] 116 + 48 msec, n = 12) and (2) "ischemic" potentials (RMP 53 ± 4 mV, APA 44 ± 11 mV, APD 102 ± 42 msec, n = 8).
to be that oxygen and nutrients diffuse from the cavity, and that blood can be transported via luminal vessels toward the subendocardial tissue.4 ' 5 There has been no information published about a possible gradient in electrophysiologic and metabolic changes in such an endocardial border zone during the acute phase of myocardial ischemia. The purpose of this study was therefore to obtain microelectrode recordings from superficial and deep subendocardial cells during acute ischemia to characterize the subendocardial border zone electrophysiologically. The position of the microelectrode tip was identified histologically to determine the depth of the subendocardial border zone. To obtain information about metabolic gradients, ion-sensitive electrodes were inserted at different depths beneath the endocardial surface to record changes in extracellular pH and K' accumulation. Finally, the tissue content of phosphocreatine was determined in subsequent layers of ischemic myocardium. The results indicate that in the absence of coronary perfusion, but during superfusion of the endocardial surface with oxygenated solutions`a border zone of about 600 ,u m exists in which transmembrane potential characteristics are relatively well rreserved and in which metabolic gradients for extracellular K+, pH, and phosphocreatine content exist.
Methods
Perfused and superfused heart preparation. New Zealand white rabbits weighing between 1.5 and 2.5 kg were anesthetized with 20 to 35 mg/kg in sodium pentobarbital and were heparinized with 1.5 ml heparin. The heart of each was rapidly removed and both coronary arteries were cannulated with polyethylene catheters (internal diameter 0.7 mm). This process took about 5 min. The heart was then perfused at room temperature with oxygenated Tyrode's solution (in mmol/liter: Nal 156.5, K+ 4.7, Ca2+ 1.5, Mgf2 0.7, H2P04-0.5, Cl-137, HCO3-28, glucose 20 to which 4% dextran, mol wt 70.000, was added). The free walls of the ventricles were opened and removed. Open vessels were clamped with small metal clips. A small amount of filtered indocyanine green was injected into the perfusion system to verify that the remaining septal preparation was adequately perfused. The preparation was then transferred to a perfusion bath wherein oxygenated superfusion fluid of the same constitution as the perfusion fluid (except for the dextran) was continuously allowed to run over the septum. The pH and temperature of both perfusion and superfusion fluid remained constant throughout the experiment at 7.35 + 0.20 and 37.5 + 0.5°C, respectively. Po2 was between 650 and 850 mm Hg. Coronary perfusion flow was 5 ml/min at 50 mm Hg gravitational pressure; superfusion flow was 20 ml/min. The preparation was submerged under superfusion fluid at all times, and excess fluid was drained via a constant suction overflow. After 30 min of equilibration, the preparation was pinned to a cork ring to decrease movement. Microelectrode recordings were made from the base of the anterior papillary muscle or from the intrapapillary muscle on the right side of the interventricular septum. The right side was chosen because of its smooth surface. After control action potentials had been recorded, global ischemia was produced by stopping coronary perfusion while the superfusion system remained open.
Recording and fixation. Flexibly mounted standard microelectrodes (with resistances of 15 to 25 MfQ6) were used because of the vigorous contraction of the perfused preparation. The microelectrodes were painted black with Rotring type K etching ink to facilitate identification while under the superfusion fluid level. In all experiments two simultaneously operated microelectrodes were used, one for recording from the superficial cell layer, and the other for deep cell.layers. An extracellular Ag-AgCl indifferent electrode was located close to the recording microelectrodes. The preparation was paced via a bipolar stimulation electrode constructed of two strands of silver wire that were insulated except at the tip. Stimuli had a 2 msec duration and an intensity of twice diastolic threshold. Basic cycle lengths varied among the different experiments from 350 to 400 msec, but were kept constant during each experiment. With the use of a conventional high-input impedance preamplifier and differential amplifiers. transmembrane potentials were printed out on an Elema inkwriter. Resting membrane potentials and action potential amplitudes and durations were manually analyzed from the inkwriter output.
To fix the preparation for histologic studies, a technique described earlier was used.7 Briefly, when after an ischemic period of about 10 min, action potentials were simultaneously recorded from "superficial" and "deep" cells, the preparation was immediately fixed by perfusion through the coronary arteries of fixative (2.5% glutaraldehyde plus 1% formaldehyde in sodium phosphate buffer, 0.11 mol/liter, pH 7.2) while the microelectrodes were still recording transmembrane potentials. The preparation was fixed within seconds. Simultaneously with coronary perfusion with fixative, the superfusion fluid was switched to fixative as well, and this was maintained for 20 min. A microelectrode filled with india ink, of which the very tip was broken, was positioned close to each of the recording microelectrodes, and by hydrostatic pressure tiny deposits of ink were placed subendocardially to mark the position of the recording microelectrodes. These were then withdrawn. Small blocks containing the microelectrode track were removed and serially sectioned in 4 gm sections. The blocks were aligned in such a way that the cuts were made perpendicularly to the endocardial surface. The section containing the microelectrode tip position was searched for with phase contrast or interference contrast optics, and the distance between the tip position and endocardial surface was measured.
Eleven experiments were performed so that 22 blocks were serially sectioned.
Determination of metabolic gradients. In a separate series of nine experiments the same protocol was followed, except that no microelectrode recordings were made and the preparations were not fixed for histologic examination. Instead, in each preparation two K+ -sensitive and two H+ -sensitive extracellular electrodes were inserted at different depths beneath the endocardium of the upper part of the right side of the interventricular septum. The ion-sensitive electrodes were constructed as follows: Two 30 cm long Trimel-coated silver wires (diameter 0. 1 mm) were glued together at one end by cyanoacrylate glue. At this end, the wires were connected via an atraumatic suture (Ethicon 3-0) to an atraumatic straight needle. The insulation of both silver wires was removed over a distance of 0.5 mm at 10 cm from the common end. Here, an Ag/AgCl layer was applied by bleaching in sodium hypochlorite. A small drop of typewriter correction fluid (Mark Typex, which is basically a titanium dioxide matrix) protected the Ag/AgCl bridge and also served, after soaking in a K or H+ -containing solution, as an intraelectrode spongy K' or H+ reservoir. Subsequently, the ionsensitive membranes (containing valinomycin [Sigma] for the K'-sensitive electrodes, or a proton cocktail [Fluka] for the H`-sensitive electrodes) were applied to both electrode wires. The selectivity of the valinomycin membrane for various ions is: K+ :Nal = 4000:1; K+:H = 18000:1; K+:Ca5 000: 1; K +:Mg+ + 5000: 1.8 The selectivity of the H +sensitive membrane is: H+ :Na+ = 2.5 x 10'0: l; H+: K+ = 6 x l09: 1; H :Ca + = 1011: 1.9 The membrane of one of the electrodes was punctured with a fine needle; this electrode served as a reference electrode. The two loose ends of the electrode pair were connected to high-input impedance buffer amplifiers. Output signals were differently amplified, filtered (0.1 Hz low pass), and recorded on low-speed chart recorders.
Insertion of one electrode pair, consisting of one ion-sensitive electrode and one reference electrode, was accomplished by pulling the needle through the septum in a plane parallel to the endocardial surface, and positioning the electrode terminal at a point along the track of the needle.
Before and after each experiment the electrodes were calibrated: K+ electrodes in two isotonic solutions containing 1 and 10 mM K', respectively, and pH electrodes in isotonic solutions with a pH of 5.0 and 7.0, respectively. Moreover, K+ electrodes were also calibrated when inserted into the myocardium by perfusing the preparation with Tyrode's solution containing 1 1.7 mM K+ for a short period. Only a response of 55 to 61 mV per decade of change in concentration was accepted for both K+ and pH electrodes. In our experiments, reliable measurements during a 10 min period of global ischemia (with continued superfusion) were obtained from 1 1 K + electrodes and from 13 pH electrodes. Frequently, a small amount of baseline drift occurred (see figure 8 ). This could be corrected for by fitting a straight line between the baselines before and after each intervention (ischemia or high K+ perfusion). The depth of the electrodes was measured after the experiment. The part of the electrode outside the myocardium was marked with Rotring type K etching ink, and then the electrode was pulled through the preparation. A clear track could always be identified, and the distance of the track to the endocardium was measured on a cross section of the septum with a Vernier scale. Because of the thickness of the electrode pair (0.2 mm), the exact depth of the recording terminal could not be determined with a high degree of accuracy.
After a 10 min period of ischemia, the part of the septum below the ion-sensitive electrodes was rapidly removed and immediately placed in liquid nitrogen. To obtain a preparation with a flat surface, the right side of the septum was placed on a metal surface and submerged in liquid nitrogen, and gentle pressure was applied to the left septal surface by a nitrogencooled carton beaker. The frozen part of the septum was subsequently cut in the cryostat into 50 ,gm (four hearts) or 100 gum (five hearts) thick slices, parallel to the right septal surface. All tissue samples were pulverized, weighed, and deproteinized 0-A_ 0-1 140 B with 4% HC104. Phosphocreatine content was determined in the perchloric acid extract, neutralized with triethanolamine/KCl buffer to pH 7.0, on a bioluminometer (LKB 1250). A detailed description has been previously published. 10 After removal of the lower part of the septum, the remainder of the preparation was reperfused to allow extracellular K + and pH tracings to return to baseline. When this had occurred, the coronary arteries were briefly perfused with Tyrode's solution containing 11.7 mM K+ to calibrate the K electrodes in situ. Figure 1 shows two simultaneously recorded transmembrane potentials under normal conditions and 12 min after coronary perfusion was stopped while superfusion was maintained. Both cells had depolarized, cell A to -50 mV and cell B to -69 mV. Cell A showed only a local response, which may have been no more than an electrotonic deflection caused by more distant activity; cell B showed an action potential of reduced amplitude and duration, but with a fairly rapid upstroke. In this experiment, the action potentials of both cells were clearly affected by ischemia, albeit to a different degree. The position of microelectrode tip A was unfortunately just outside the block, but the microelectrode trackjust before its termination was found 950 ,um below the endocardial surface so that the tip position could be estimated as having been at least 1 mm below the endocardial surface. 0-0-200 msec control .12 min ischemia FIGURE 1. Two simultaneously recorded transmembrane potentials, recorded from the right septal subendocardium during both coronary perfusion and superfusion with oxygenated Tyrode's solution (control, A and B) and 12 min after coronary perfusion had been stopped, while superfusion continued (ischemia, C and D). Immediately after these last recordings had been made, the preparation was fixed by coronary perfusion with fixative, while the microelectrodes remained in place to allow identification of the microelectrode tip position (see figure 2 ). Note greater depression of action potential characteristics in C than in D. Figure 2 shows the track of microelectrode B, which was parallel to the plane of sectioning. The track terminated in a cell 255 gm below the endocardium. No morphologic signs of ischemia were present, except that some cells exhibited focal contraction band necrosis next to the microelectrode track. This could have been due to the repeated unsuccessful microelectrode impalements under control conditions, when it was difficult, because of vigorous contractions, to obtain stable recordings. Figure 3 shows an example of a transmembrane potential that remained relatively unaffected by ischemia, despite the fact that coronary perfusion had been stopped for 11.5 min. Although resting membrane potential had decreased, action potential amplitude and upstroke velocity remained fairly well preserved. Action potential duration had shortened markedly. As shown in figure 4 , the cell was located 650 gm below the endocardial surface.
Results
The difficulties encountered in localizing precisely at which depth action potentials begin to exhibit characteristics of ischemia are illustrated in figure 5 . In this experiment, intracellular recordings were obtained during a 7.5 min period of ischemia from successively deeper cell layers. The graph shows that after about 7 min of ischemia, cells in layer 4 and 5 were moderately depolarized, with resting membrane potentials in the range of -75 mV, and produced action potentials of fairly large amplitudes (89 to 94 mV). A sudden transition occurred when the microelectrode was pushed deeper into layer 6, where resting membrane potential decreased to -48 mV and a low-amplitude response with a low upstroke velocity was recorded. At this moment the preparation was fixed. Although the very tip position was not found, the terminal portion of the microelectrode track was identified, allowing the conclusion that the cell was at least 500 ptm below the endocardial surface, considerably more than six cell layers. The action potentials that had been recorded from more superficial cells showed a moderate reduction in resting membrane potential, a short duration, and a fairly large action potential amplitude and a fast upstroke velocity. The action potential at the moment of fixation had characteristics of ischemia: greater loss of resting membrane potential, a low action potential amplitude, and a slow rate of rise of the upstroke.
In figure 6 , the results are summarized (see also table 1). Resting membrane potentials, action potential amplitudes, and action potential duration are plotted for four different categories of transmembrane potentials: those during control conditions (perfusion and superfusion), those that remained normal during ische- . Microelectrode recording from a border zone cell before (left) and 11.5 min after coronary occlusion with maintained superfusion of the endocardium (right). The preparation was fixed by coronary perfusion immediately after the action potential shown on the right were recorded to allow identification of the microelectrode tip position (see figure 4 ). mia (superfusion only), those with characteristics of the endocardial border zone during ischemia, and those with characteristics of ischemia. Normal potentials had resting membrane potentials of 86 + 3 mV, action potential amplitudes of 109 + 7 mV, and action potential durations of 194 + 27 msec. Generally, ischemic potentials were recorded when resting membrane potentials were lower than -60 mV (average 53 ± 4 mV) and action potential amplitudes were lower than 60 mV (average 44 + 11 mV). Action potential duration was 102 + 42 msec. Border zone potentials had resting membrane potentials between -78 and -68 mV (average 73 ± 3 mV) and action potential amplitudes between 95 and 70 mV (average 81 ± 13 mV). Action potentials were almost as short as those in ischemic cells (116 ± 42 msec). Reliable measurements of resting membrane potential levels could not be obtained in all instances due to shifts in zero potential level. In two instances, because of unstable impalements, action potential amplitude could not be ascertained. The two cells with normal transmembrane potentials during ischema were unfortunately not identified histologically. The border zone potentials were found at between 130 and 650 gim. One such cell was estimated to be about 50 pum below the endocardium, TABLE 1 but no clear microelectrode track was identified in the block it is possible that the microelectrode 'jumped out" at the onset of the fixation. Cells with ischemic characteristics were located from a depth of 560 gim to layers several millimeters below the surface. The morphologic changes caused by ischemia were minimal. The only change was found in deeper layers where the cells exhibited a "mottled" appearance due to mitochondrial swelling. This mottling was present in varying degrees in all samples, except in those that had been ischemic for less than 7 min. In no instance was the mottling present in the first 200 gim below the endocardium. It was most pronounced in the layer between 300 and 700 gim. In some preparations, foci of necrosis and hypercontractions were seen. Figure 7 shows average values for phosphocreatine content after a 10 min ischemic period with superfusion in subsequent 100 ,um layers (in the four experiments in which determinations were made in 50 gm slices, the two values were averaged). There was a steep gradient in phosphocreatine content until a low, more or less stable value was reached at a depth of about 800 ,um. The reason that phosphocreatine content is lower in the most superficial layer than in the layer at between 100 and 200 gim is unknown, but Electrophysiologic and metabolic characteristics of different layers below the endocardium after 10 to could be due to the fact that this layer is a mixture of endocardium and myocardium. Figure 8 shows an example of the simultaneous registration of extracellular concentrations of K' at different depths during a 10 min ischemic period and after reperfusion. Also shown is the calibration in situ. The rise in extracellular K' was less marked in the more superficial layer. Values for pH and extracellular K' after 10 min of ischemia at different depths in all experiments are shown in figure 9 . Because measurements were not made at the same depths, and because of the inaccuracies in the determination of the distance between the recording site and septal surface, no standard deviations are given, nor did we attempt to fit the data points to a straight line or a curve. It is evident that a gradient exists for extracellular concentration of K' and for extracellular pH. The steepest gradient for K' seemed to occur in the layers from 0 to about 1 mm, and the steepest gradient for pH was from 1 to 2 mm below the endocardial surface.
Discussion
It has been reported by several investigators that in the early phase after coronary artery occlusion, conduction delay is greater in the subepicardium than in the subendocardium. 1114 This has, at least partly, been attributed to a greater resistance of subendocardial cells to the effects of typical alterations associated with ischemia, such as hypoxia, elevated extracellular concentrations of K+, and acidosis.'`A possible explanation for the fact that electrical activity was relatively preserved is electrical coupling of subendocardial muscle cells to Purkinje fibers. 16 Another obvious reason for the resistance of subendocardial cells to ischemia is that in intact hearts oxygen and nutrients from the cavitary blood may reach this tissue, either by diffusion or by transport via luminal vessels.4 1 Also, substances released from ischemic cells may be removed from the extracellular space. Thus, both the effects of cessation of arterial flow and those due to lack of washout may be less in the subendocardium than in midmural or subepicardial layers.
Our experiments partly simulated the situation in intact hearts after coronary artery occlusion by allowing exchange of oxygen, glucose, and CO2 and metabolites released from ischemic cells between the subendocardium and oxygenated Tyrode's solution superfusing the endocardial surface after stopping coronary perfusion. In only two experiments were completely normal transmembrane potentials recorded from the subendocardium during the first 10 min of ischemia. Unfortunately, the microelectrode tracks ----resting membrane potential amplitude studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In layers deeper than 600 gm, conduction would be much slower and could fail altogether. The electrical inhomogeneities between endocardial border zone and deeper layers may predispose to reentrant arrhythmias arising in the subendocardium. If the myocardium is massive, without a well-developed connective tissue component, as was the case in our preparations, the border zone of 600 ,um thickness corresponds to 40 to 60 cell layers, as was determined by simple counting in several tissue blocks. It should be noted that this does not correspond at all to the observations during the experiments in which the mi- min ischemia FIGURE 5. Recordings from successive cell layers as the microelectrode was pushed deeper below the endocardial surface, beginning 7 min after coronary occlusion (with superfusion) had been stopped, and ending 7 min 32 sec after occlusion when the preparation was fixed. Note the abrupt decrease in resting membrane potential, action potential amplitude, and upstroke velocity when the microelectrode went from cell 5 into cell 6. Cell 6 was found to be deeper than 500 ,um below the endocardial surface, which is considerably deeper than six cell layers. See text for further discussion.
could not be found in these instances, so that the exact depth of the layer exhibiting normal electrical activity could not be established. Transmembrane potentials that were recorded from cells deeper than 130 ,um from the endocardial surface were divided into two categories. As summarized in figure 6 , cells that exhibited typical ischemic changes17' 1 had lower resting membrane potentials, lower action potential amplitudes and upstroke velocities, and shorter action potential durations than cells in the endocardial border zone. The cells with typical ischemic changes were found at depths greater than 600 ,um, whereas the cells that remained relatively unaffected by ischemia were found in a layer lying roughly between 100 and 600 ,um beneath the endocardial surface. The electrophysiologic significance of a subendocardial border zone is obvious. Although we have not measured conduction velocity directly, the action potential characteristics of cells in the border zone warrant the conclusion that conduction should only slightly be delayed, as has been reported in previous Depth (pM FIGURE 7. Subendocardial gradient in tissue content of phosphocreatine (CrP) after a 10 min ischemic period with superfusion with oxygenated Tyrode's solution (averages + SEM). Note that at a depth of about 600 j.m, phosphocreatine content is still on the order of 10 ,umol/g dry weight, which is about 40% of normal, indicating that at that depth there is still a considerable amount of oxygen available. croelectrode was pushed deeper into successive cell layers. As shown in figure 5 , the ischemic potentials recorded in what was thought to be the sixth cell layer were in fact recorded from a depth greater than 500 ,um. This may have been due to the fact that recordings were made with flexibly mounted microelectrodes from a contracting preparation.
Previous studies3' 19 have emphasized that the zone of viable subendocardial cells decreases over a period of several hours after coronary occlusion. In the study of Fenoglio et al. ,3 the layer of viable cells after 1 hr of ischemia was seven to 10 cell layers thick, whereas no more viable muscle cells were found after 14 hr, and only Purkinje fibers remained alive at that time. Our study suggests that the endocardial border zone already decreases substantially during the first hour of ische-mia. Taking into account species differences and different experimental conditions, we can still compare the zone of 40 to 60 cells showing mild electrophysiologic changes in the first 12 min of ischemia in the rabbit heart to the seven to 10 layers of viable cells present after 1 hr in the canine heart.3 The viable cells in the canine heart had action potentials that showed changes the same as those in our study, except that action potential duration lengthened instead of shortened. Since in the study of Fenoglio et al.3 the extracellular space of the surviving tissue had presumably equilibrated with the superfusing Tyrode's solution, the changes in action potentials were most likely due to altered membrane properties. In contrast, the changes observed in the layer of 40 to 60 cells during the first 10 to 12 min of ischemia were most likely due to changes in extracellular milieu.
There appear to be several reasons for the existence of a layer of about 600 gm thickness in which electrophysiologic changes are less than in deeper tissue. As demonstrated earlier,1" the changes in transmembrane potential caused by acute coronary artery occlusion can be imitated by perfusing a coronary artery with a severely hypoxic (Po2 less than 10 mm Hg) acid solution containing elevated concentrations of K+. The present experiments demonstrate that over a distance of 800 ,um to 1 mm there is a gradual increase in the extracellular concentration of K+ , whereas extracellular pH remains relatively constant at between 6.6 and 7.0. Although we did not measure Po2 directly, phosphocreatine content may be taken to reflect local availability of oxygen. 10 Our results show that more or less table values for phosphocreatine are reached only to a depth of 700 to 800 gm, indicating that a gradient for Within the endocardial border zone (the first 600 ium), extracellular K+ remains below 9.0 mM and pH above 6.6.
Po2 exists as well. It is therefore quite plausible to attribute the existence of a layer of some 600 gm thickness in which transmembrane potential characteristics are still fairly well preserved to the fact that in this layer extracellular K' concentration is not higher than about 9 mM, pH is not lower than 6.6, and a certain amount of oxygen is still available. Within this layer, phosphocreatine content is reduced by not more than about 40% of normal. It is difficult to extrapolate from this value to a value for Po2. However, in earlier experiments in which a coronary artery was perfused with a solution containing 1 1.2 mM K' at a pH of 6.8 and a Po2 of 33 mm Hg, a small increase in Po2 (to 50 mm Hg) markedly increased action potential upstroke velocity and amplitude.20 It therefore seems reasonable to conclude that in the border zone Po2 is not lower than about 50 mm Hg. This is in agreement with direct measurements of Po2 in cat papillary muscles superfused with solutions saturated with 98% 02: in muscles with a diameter of 1.6 mm, core Po2 was on the order of 50 mm Hg.21
The morphologic changes we observed were minimal and were confined to layers between 300 and 700 ,gm. The fine mottled appearance seen in these layers under the light microscope may be attributed to the mitochondrial swelling that has been reported by others to occur during the reversible phase of ischemia.22 Marked differences in histologic appearance between superficial and deeper subendocardial layers have been found in the pig heart only in specimens taken after 10 min of ischemia.23 The depth of the endocardial layers showing minimal ischemic changes by both light and electron microscopy varied from 100 to 600 ,um in different pigs, which agrees well with our findings. In several of our preparations, foci of necrosis and hypercontraction were found. These were also noted in the study of Fujiwara et al., 23 and might be attributed to reflow. An alternative explanation may be that in our study repeated microelectrode impalements may have damaged these cells.
